Abstract. -Guided by theories on open-shell molecules, we have performed a series of model experiments which allowed us to construct organic molecules having nonet (S = 4) and even higher spin multiplicities. In crystals spin alignment was achieved over several neighboring molecules. Efforts to synthesize high-spin polymers and construct macroscopic spins are described.
Introduction
The large majority of organic molecules have closedshell electronic structures, i.e., they have a singlet ground state with equal numbers of electrons having a and fi spin. Most organic compounds are therefore diamagnetic. There are some organic molecules that have open-shell structures where not all electrons are paired. Many of these molecules have one odd electron and therefore a doublet ground state. These are called free radicals and known to be paramagnetic. The alignment of spins in molecular systems becomes an issue when there is an interaction between two doublet centers as in diradicals and radical pairs. The Coulombic repulsion between electrons lifts the zeroth-order degeneracy and gives rise to singlet and triplet states of different total energy for these chemical entities. Which state lies lower in energy is highly important in the chemistry of diradicals [I] and radical pairs 121.
The chemistry of these and more highly spin-aligned systems is considered also to be the best and only area where one can look for interesting magnetic properties from organic materials. Ferromagnetism is found in minerals, inorganic compounds, metals and alloys, but has never been associated with organic compounds. Isn't it intrinsically possible to prepare magnets from organic polymers or plastics? In order to answer this affirmatively, we have to demonstrate that the exchange coupling between electron spins can become ferromagnetic in well-designed organic molecules and between their specifically oriented assemblies. Macroscopic spins will be available only by taking advantage of the guiding principles thus obtained.
First high-spin organic molecules
In reference to the electronic structure of high-spin 3d and 4f transition metal atoms, we find that singly occupied degenerate orbitals are necessary for having, parallel spins in a molecule. It is generally understood that orbital degeneracy is symmetry-enforced; for doubly degenerate orbitals, the presence of a threefold (or higher) rotation axis is a requisite as in triplet trimethylenemethane 1. Accidental degeneracy is another factor worthy of consideration. Carbenes and nitrenes are such examples. In diphenylcarbene 2, for example, the divalent carbon atom assumes a nearly sp2-hybridized planar structure with the remaining 2p, orbital perpendicular to the plane. The last two electrons are assigned by the operation of Hund's rule one each to these nearly degenerate orbitals to give a triplet ground state [3] .
We note that there is a third symmetry factor in molecular orbitals which allows us to have a number of singly occupied degenerate orbitals. According to the Longuet-Higgins' theory based on topology of molecular frameworks [4] , there should be at least N -2T singly occupied molecular orbitals of zero-bonding energy (NBMO) in alternant hydrocarbons, where N is the number of 2p atomic orbitals and T stands for the maximum number of double bonds occurring in any resonance structure. This is best represented by comparison of three isomeric xylylenes 3. Only the meta isomer is predicted to have two singly occupied NBMO and therefore a triplet ground state in good agreement with the experimental results [5] . As a natural extension of this theory of topological symmetry, polyradical 4 is expected to have high-spin ground state. Mataga propoed a model for organic ferromagnets by replacing each doublet center in 4 with a triplet carbene [6] . He noted an analogy between the sd interaction in metallic ferromagnets and a set of delocdized p, and localized sp2 electrons in polycarbene 5. Encouraged by the experimental finding by Itoh [7] and Wasserman [8] that the dicarbene (5 (n = 2)) had a ground quintet state, i.e., all four spins were ferromagneticdly coupled, we have started a project directed towards the construction of higher series of polycarbenes 5, 6 and 7.
All the polycarbenes were generated by photolysis at cryogenic temperature of the corresponding polydiazo compounds, e.g., 5a, which in turn were obtained through a series of standard reactions for chemical syntheses. In order to confirm that highspin species were really generated, we used two independent measurements: EPR fine structures and paramagnetic susceptibilities. Tetradiazo compound 5a(n = 4) was doped (5 x mol/dm3) in a .sin- Under a high-field approximation, eight allowed transitions (Ah& = k1) are expected to appear in ratios of 4:7:9:10:9:7:4. That is exactly what was observed. The resonance fields and signal intensities observed at K band (25 GHz) were well-reproduced by a third-order perturbation calculation based on the spin Hamiltonian:
with g = 2.002, D = +0.03161 and E = -0.00394 em-', and S = 4, confirming the tetracarbene to be in the nonet state. Temperature dependence of the total signal intensity in the range 1.8-56 K showed that the observed nonet state is the ground state, while the other states are located at least 300 cm-I above the ground state [9] . The effective exchange energy between the carbenic centers are estimated by a theoretical study based on the periodic Kondo-Hubbard model to be ca. 0.2 eV [lo].
Higher homologs 5a(n = 5 and 6 ) have been prepared and the analyses of the corresponding undecet and tridecet species are about to be finalized in these laboratories in collaboration with Itoh's group. Tetracarbene 7 (n = 4) has been generated in a 2-methyltetrahydrofuran (2-MTHF) matrix and analysed based on equation (1) to give preliminary data: g = 2.0030, ID1 = 0.01400 and IEl = 0.00050 cm-' with S = 4.
Tricarbene 8 has been shown by Itoh and coworkers to have a triplet ground state; a typical example of ferrimagnetic intramolecular spin interaction [ll] .
Magnetization of a sample of 5 (n = 4) dispersed in a benzophenone host was determined in the range O-5 T at 2.1 and 4.2 K. The data are plotted in figure 1 together with those of typical paramagnetic transition metal salts [12] . The observed values follow the curves given by JBJ ( a ) where J is the quantum number of total angular momentum, BJ (a) is a Brillouin function, and a = gJMBH / KT. For iron alum, there are five singly occupied 3d atomic orbitals and therefore J = S = 5/2. In good agreement with this, the saturation value of the magnetization (Ms) is ~M B .
For gadolinium sulfate octahydrate, there are seven singly occupied 4f orbitals, J = S = 7/2, and Ms = ~M B . These two Ms values are maxima for 3d transition metals and 4f lanthanides, respectively. The data for 5 (n = 4) agree nicely with the theoretical Brillouin function in which J = S = 4. The Ms value of a hydrocarbon surpassed for the first time those of transition metal ions [13] . It should be noted that the magnetization value of 5 can still be increased in principle as well as in practice by increasing the number of the repeating units n. The higher homologs of the series are expected to behave at least as organic molecular superparamagnets.
N e w molecular design for high-spin polymers
In order to achieve organic superparamagnets or ferromagnets, however, we note that 5, 6 and 7 are far from ideal. It is highly desirable to introduce new structures that have a fully conjugated main chain with radical or carbene centers in the side chain. Polyacetylenes (9), polydiacetylenes (10) and polyphenylenes (11) are proposed as the main chains. Molecular design and model experiments have now been advanced to solve the question of where to place the carbene centers in the side chains.
As a model for the unit of poly(diphenylacety1enes)
9 (X=Y= Ph) , isomeric stilbene derivatives (12) carrying the phenylrnethylenyl groups were taken into account. According to the Longuet-Higgins' theory on T-nonbonding molecular orbitals (NBMO) in alternant hydrocarbons [4] , the p, isomer of 12 is predicted to have no NBMO, a result consistent with the intuition that a stable quinonoid structure can be drawn for this where S is the spin quantum number of the ground state, and n* and n are, respectively, the number of starred and unstarred carbons. In the m,p' isomer n = n*, and they differ by two in the m,pl isomer. Therefore, the same theoretical prediction is obtained either from MO and valence bond theories. The isomeric dicarbenes were generated in 2-MTHF matrices in an EPR cavity at 16 K. The spectra obtained by the photolysis of the diazo compounds, precursors to the m, p' and m,ml dicarbenes, at 16 K exhibited conspicuous signals at ca. 250 mT characteristic of quintet species. The signals of the m,ml isomer of 1 2 showed a dramatic temperature dependence (Fig. 2) . First their intensity increased as the temperature was raised, reached a maximum at 50 K, and then decreased somewhat and eventually irreversibly at above 65 K. In contrast, the intensity of the strong signal at ca. 250 mT and some weak signals due to the m, isomer decreased linearly with the reciprocal of the temperature as dictated by Curie law (Fig. 2) [17]. The contrasting temperature dependence between the regioisomers strongly suggests that the m, dicarbene has a quintet ground state, while the quintet state of the m,ml isomer is populated thermally but lies ca. 200 cal/mol (70 cm-l) above the ground state. The two remote triplet diphenylcarbene moieties linked together through a carbon-carbon double bond are concluded to have sufficient interaction to form a quintet state, which is likely to be a ground state in the m, p' isomer as predicted by theory. It is now established that the head-to-tail polymers of diphenylacetylenes 9 (X=Y = Ph) with the radical centers at Only the former showed the ground quintet state [18] . A topochemically controlled head-to-tail polymerization in crystals of a diphenyldiacetylene carrying radical centers at the m, positions is expected to give the corresponding high-spin polymer.
Attempts at constructing high-spin polymers
In 1986 Korshak and Ovchinnikov reported black powdery materials obtained by polymerization of a diacetylene carrying a pair of persistent nitroxide radicals symmetrically 13(X = Y = TEMPO). A part of this sample was described to show ferromagnetic properties (spontaneous magnetization of ca. 0.022 G/g) [19] . The expected polymer structure 10(X = Y = TEMPO) is not consistent with our models described in the last part of the previous section in two ways. First, radical centers are not conjugated with the main chain to have meaningful exchange coupling; they are too far apart. Even if there is one, since the structure is symmetric, the interaction is expected to be antiferromagnetic.
Torrance obtained a sample that showed ferromagnetic properties with high Curie temperature by a reaction of 1,3,5-triaminobenzene with iodine under rather drastic conditions [20] . A charge-transfer complexes of iodine with an aniline black-type polymer may have been responsible for the magnetic property. Similarly, we obtained powdery material by thermal decomposition of 2,4,6tris-(diazo)phloroglucinol at 210 O C . A part of this sample which was assumed to have a twodimensional network structure of 1 1 showed a ferromagnetic property with the coercive force of ca. 650 G [21] . All these samples are problematic in one way or the other. Some are not obtained reproducibly and others are difficult to prepare in quantities. It is extremely necessary to synthesize high-spin polymers systematically based on the strict molecular design described in the last section.
We polymerized a hindered phenol by using a catalyst system W (CO), /PhrSn. When phenoxyl radicals were generated from the polymer 9(X=H, Y= p-(2, 6fertAu2-4-HCsHzC6H4) of average molecular weight of 4 x lo4, a paramagnetic sample was obtained that had spin concentration of only 4.4 x 1019 spins/g [21] . Since it was not possible to polymerize phenylacetylene derivatives carrying verdazyl radical under similar conditions, we prepared the expected polymer 9(X = H, Y = verdazyl) by chemical transformation starting from poly(pmethoxycarbonylphenylacetylene) [22] . Characterization of the amorphous sample is in progress.
Exchange interaction between open-shell organic molecules
Exchange coupling among neighboring open-shell molecules is usually antiferromagnetic in organic solids [23] . It is therefore highly necessary for the development of macroscopic spins to find conditions under which the intermolecular interaction between highspin molecules might become ferromagnetic. McConnell proposed such a model based on HeitlerLondon spin exchange between positive spin density on one molecule and negative spin density on another [24] . We have studied one representative case: the superimposable stacking of two benzene rings, one from each triplet diphenylcarbene molecule. The ortho and para overlaps are predicted to give the quintet ground state, while the gem and meta would lead to the ground singlet state (Fig. 3) .
As a model system to test this theory, we took advantage of the [2.2]paracyclophane skeleton. Among three isomers of bis(phenylmethyleny1)- [2.2] paracyclophanes (14-16), 1 4 and 16 were found to have ground quintet states 1251 in good agreement with the McConnell's condition. It is now well established that, if we are able to arrange the assemblies of high-spin molecules so that the interaction between the spin densities of opposite sign could become most important between the neighboring radicals or carbenes, the polyradicals might serve as magnetic domains and exhibit ferromagnetism as bulk properties. A partial success has been obtained by aligning the carbenic centers by taking advantage of the van der Waals attraction between long alkyl side chains. When polycrystalline samples of bis(p octyloxyphenyl)diazomethane 17 were partially photolyzed, interaction between the corresponding carbene molecules generated in the immediate neighborhood was presumably governed by the topochemical disposition of the precursor molecules in crystals and showed ferromagnetic coupling among four molecules on average as shown in figure 4 [26] . [27] . It was Breslow who first paid attention to this theory. However, he restricted himself to the organic molecules having a three-fold rotation axis or higher symmetry elements to obtain reasonably stable triplet molecules and has not been able to obtain ferromagnetic materials [28] . More recently Miller and Epstein obtained bulk ferromagnetic behavior in decamethylferrocene/TCNE complex 18 below the Curie temperature of 4.8 K [29] and extended the original formulation of McConnell [30] . It is so far the only example in which ferromagnetic intermolecular interaction led to bulk ferromagnetic property. Ferrimagnetic stacking interaction is also feasible for some D/A combinations, e.g., doublet D and triplet A.
We believe it is not wise to take advantage of only geometrical symmetry, and are directing our synthetic effort toward triplet and quartet D and A molecules due to topological symmetry, e.g., 19 and 20.
Conclusion
Realization of (organic) molecular ferromagnets remains of multidisciplinary scientific interest [31] . They are not yet usable realities, but it is already .possible to state an overall conceptual framework for exploiting the magnetic properties of organic compounds. We hope our approaches are in the right direction.
